The mannose-binding lectin MBL2 plays an important role in the innate immune system. It binds carbohydrates surface, acts as an opsonin and activates the complement system. With the aim of studying the evolution of the MBL2 gene in primates, we sequenced its coding region in 12 non-human primate species and compared them with the human sequence. We demonstrated that nucleotide and amino-acidic sequences of the MBL2 among primates are highly homologous, underlining the importance of this molecule in the defense system against pathogen invasions. In particular, in the collagen-like domain that confers the characteristic structure to MBL2 protein, the identity among primates is really high. In the carbohydrate recognition domain, we evidenced some primates' group-specific amino-acidic mutations not resulting in changes of the structure or function of this MBL2 domain. Phylogenetic analysis did not evidence any positive selective pressure in MBL2 gene among non-human primates. Our findings indicate that MBL2 is well conserved in agreement with its important role in the immune system: in non-human primates, we did not observe the same 'plasticity' of the MBL2 human gene, where a frequency of more than 1% of nucleotide variations was described in the coding and promoter regions.
Introduction
To fight the pathogen invasion, multicellular organisms have developed a complex defense system based on mechanisms of innate and acquired immunity. The innate immunity is composed of a series of nonspecific evolutionarily ancient defense systems present in the organism even before exposure to the antigen. The innate-immunity mechanisms act as a first defense line against infective agents.
An important role in the innate immune response is played by the mannose-binding lectin (MBL), a calciumdependent plasma collectin secreted by the liver. MBL2 binds microbial carbohydrates' surface and may possibly act directly as an opsonin in the clearance of various mannose-rich microorganisms by phagocytes, 1 but its main activity is thought to be mediated through the activation of the complement system via the MBL2 pathway involving MBL-associated serine proteases (MASPs). Three separate MASPs plus two related proteins combine with MBL2 to form a complex or complexes similarly to C1r and C1s combining with C1q to initiate the classical pathway. 2, 3 In humans, the MBL2 gene maps on chromosome 10q21.1 and encodes the MBL2 protein (248 amino acids) constituted by four domains: a short cysteine-rich N-terminal region (essential for oligomerization); a second large collagen-like domain; a short a-helical third domain and the C-terminal carbohydrate recognition domain. 4 Variant alleles disrupting the MBL2 molecule-or changing the amount of protein produced-are so often found in several populations that they can be considered like polymorphisms. 5, 6 Thus, it has been suggested that this variability confers relative advantages for the hostgenerally associated with heterozygosity-and represents a balanced genetic system. [7] [8] [9] The MBL2 concentrations are influenced by the allele '0' 10 in the first exon and, independently, by a number of nucleotide substitutions in the promoter region of the MBL2 gene. Particularly, a base pair substitution in codon À221 (G-C substitution), changing the promoter polymorphism from Y to X, has a profound downregulating effect on the serum MBL2 level. 11 MBL2 polymorphisms have been shown to be associated with increased risk of infection 12, 13 and to alter the phenotypic expression of autoimmune diseases. 14, 15 MBLs are proved to be common in the entire evolutionary scale, from bacteria, 16 to plants, to humans, while structural homologs of MBL2 have been found in several mammals (including humans, cow, 17 pig, 18 rabbit, 19 mouse 20 and rat 21 ), in chickens 22 and also in fishes. 23 A possible homolog has even been found in the tunicate, Styela plicata, 24 but MBL2, structurally speaking, is a typical vertebrate protein. Interestingly, while rodent MBL is the product of two separate functional genes leading to MBL-A (serum form) and MBL-C (liver form), humans also have a pseudogene as well as serum and liver forms, but both result from a single functional gene (MBL2) after post-translational modification. 25 In order to study the evolution of the MBL2 gene, inspect whether it can usefully contribute to phylogenetic analysis of primates and understand how a similarly important protein of the immune system has evolved, we sequenced the MBL2 gene entire coding region of 12 non-human primate species and compared it with the human sequence (HSS). Moreover, we investigated whether a positive selection pressure caused by an MBL2 direct interaction with different pathogens has occurred during the evolution of the MBL2 gene in primates.
Results
The alignment of nucleotide sequences of the primate MBL2 coding region is shown in Figure 1 . We calculated the number of synonymous nucleotide substitutions per synonymous site (dS) and the number of nonsynonymous nucleotide substitution per nonsynonymous site (dN) by pairwise comparison among the 12 primate MBL2 sequences (Table 1) . Our results evidence that the hypothesis of a positive selection pressure caused by the direct interaction of the MBL2 molecule with different pathogens needs to be excluded (see Table 1 ). This finding confirms the importance of this molecule in the immune system not only in humans but also in nonhuman primates.
The rooted phylogenetic tree ( Figure 2 ) based on the amino-acidic MBL2 primate sequences reflect the expected primates' phylogenetic relationship.
To assess whether the variations found at amino-acid level in the different primate species could have functional implications, we analyzed them in relation to the available data for the structure and activity of the human MBL2. We divided the amino-acidic sequence into three parts (see Figure 3) : the signal peptide, the collagen-like structure and the lectin domain.
The signal peptide is not completely conserved among primates, but presents a variable sequence with different amino-acid sequence identity with humans, from 100% of Pan troglodytes (PTR) and Gorilla gorilla (GGO) to the 75% of Saguinus oedipus (SOE).
The collagen-like domain is highly conserved among the 12 non-human primate species: amino-acidic sequence identity with humans is 100% in PTR and GGO; 98.3% Pongo pygmaeus (PPY), Hylobates lar (HLA) and Presbytis cristata (PCR); 96.7% Hylobates concolor (HCO), Presbytis obscurus (POB), Cercopithecus aethiops (CAE) and SOE; 95% Macaca fascicularis (MFA), Papio papio (PPA) and Callithrix jacchus (CJA).
The lectin C-terminal domain, in comparison with humans, shows 97.9% identity for PTR; 98.9% GGO; 94.9% PPY and HLA; 93.9% HCO; 89.8% POB; 87.8% PCR; 85.8% PPA, MFA and CAE; 77.7% CJA and 79.7% SOE. In this area, there are a lot of group-specific mutations (see Figure 3 ) that affect positions of the MBL2 molecule that more probably are not highly conserved, 
Discussion
In this study, we have not found evidence of any positive selection during the evolution of orthologous MBL2 genes. With the aim of investigating the possible functional role of the amino-acid variations, we analyzed them separately for the three different domains in which the MBL2 protein is organized.
The signal peptide is an important sequence needed for sending the amino-acidic sequence to the rough endoplasmic reticulum for post-translational modifications of MBL2, just for this reason, generally it is a conserved part of the protein. Analyzing by PIX program the amino-acidic sequence data of the signal peptide in different primates, we observed that chemical-physical characteristics of charge and high hydrophobicity are the same in all primate species (data not shown) and probably this condition is sufficient to maintain the functionality of this sequence as unchanged. Actually, it is important for the hydrophobicity to be maintained, otherwise the bond with SRPs (signal recognition particles) would be compromised.
The collagen-like domain confers the characteristic structure to the protein, contributes to the oligomerization of MBL2 and interacts with the C1q receptor present in phagocytic cells to carry out its effector function. Thus, its fundamental role in the conformation and functionality of the protein explains its high conservation among primates.
A great conservation in the amino-acidic sequence (100% of identity) was found in all primates at the level of the C-terminal side of the hinge region formed by an interruption in the Gly-X-Y repeat pattern of the collagen domain, recently identified as the MASPs binding site to MBL2. 26 This feature suggests that the mechanism of MASPs binding to MBL2 is extremely efficient and that it did not require any evolutionary modification.
The lectin C-terminal domain is the most interesting from an evolutionary point of view; in fact, it is needed for the carbohydrate recognition of the pathogens and is responsible for the MBL2 activity against microbial agents. The presence of amino-acidic substitution in the lectin domain of MBL2 could be explained by the adaptation in the exposure to different pathogens for different primates. In spite of this fact, PIX analysis of this region indicates that there are no significant changes in the chemical-physical characteristics of polarity, hydrophobicity, acidity and total charge of this region (data not shown). This fact suggests that the ability to bind carbohydrates-and consequently the activity against pathogens-remains unchanged. shares the 76.4, 85 and 66% of identity with Sus scrofa, Bos Taurus and Gallus gallus, respectively, while the carbohydrate recognition domain, as we evidenced in primates, is more variable with an identity of 66.6, 65 and 47.5%, respectively.
In conclusion, we have obtained evidences of a high conservation of the molecule in all non-human primate species analyzed, particularly in the glycin-rich domain that confers the characteristic structure to the protein, thus contributing to the oligomerization of MBL2 and frequency of about 1% nucleotide sequence variations was described. Non-human primates' high structural conservation could be explained through the hypothesis of preservation of MBL2 functionality and mechanism of action. In fact, the action pathways of the immune system are, generally, strictly controlled and conserved by the evolution. However, variant alleles disrupting the MBL2 molecule, or changing the amount of protein produced, are very often found in several human populations. Thus, it has been suggested that this variability confers relative advantages for the host and represents a balanced genetic system. We can consider the presence in humans of these polymorphisms as a species-specific evolution effect used to modulatewithout any change-the mechanism of action of the molecule in the interaction with the complement system, the macrophages and the pathogens. In non-human primates, we did not observe the species-specific plasticity of the MBL2 gene. MBL2 allele '0' was never found in the 12 species analyzed, but we have considered a low number of individuals per species to conclude that these polymorphisms are not present in non-human primates.
The future goal of our study is to increase the number of individuals of some non-human primate species (ie Macaca fascicularis, Cercopithecus aethiops and Callithrix jacchus the species numerically more represented in our study), in order to investigate the intraspecific variability of the coding region of the MBL2 gene as well as the promoter region, where polymorphisms have been described in humans.
Materials and methods

Samples
We analyzed three species of great apes (three PTR, three GGO and six PPY), two species of the family of the Hylobatidae (three HCO and two HLA), five species of Cercopithecidae (three POB, threePCR, six PPA, 25 MFA, 30 CAE), and two Platyrrhine species (15 CJA and three SOE).
DNA extraction
Non-human primates DNA was extracted from hairs, liver and muscle tissues (from deceased animals), using protocols already described by Del Pero et al 27 and Boniotto et al. 28 Biological samples of non-human primates were kindly provided by the Zoo Negara Malaysia (Kuala Lumpur).
PCR and sequencing
Genomic DNA amplification of the MBL2 coding region (four exons) was performed using primers (see Table 2 ) designed on the base of the human sequence available in GenBank (accession number: NT_008583), with the software Primer Express 2.0. (Applied Biosystems, Foster City, CA, USA).
The PCR reactions were carried out in a Thermal cycler 9700 (Applied Biosystems) using PCR Buffer 1 Â 1 U of Taq Gold, 0.4 mM dNTPs and variant concentration of MgCl 2 (from 1.5 to 2.5 mM). The amplification conditions were 30 s at 951C, 30 s at 541C, 30 s at 721C for 35 cycles. PCR products were observed, under UV light, in a 2% agarose gel, stained with ethidium bromide. DNA sequencing of PCR products was performed using the BigDye Terminator Cycle Sequencing Ready Reaction Kit 2.0 (Applied Biosystems). DNA sequences were detected and analyzed on an automated ABI Prism 3100 Genetic Analyser (Applied Biosystems).
Sequence alignment and data analysis Multiple alignment of the nucleotide and amino-acid sequences were performed using the program CLUSTAL W. 29 Pairwise comparison between nucleotide sequences were performed to investigate how evolution acts on an amino-acidic level in different regions of the molecule. The number of synonymous nucleotide substitutions per Figure 2 Rooted phylogenetic tree based on amino-acidic MBL2 primates' sequence. UPGMA was used to build the phylogenetic tree. Table 2 Primers used to perform the genomic DNA amplification
Exon
Forward primer Reverse primer dS and the number of nonsynonymous nucleotide substitutions per dN between orthologous sequences were computed following the method of Nei and Gojobori 30 using the MEGA 2.0 software. 31 The neutral theory of molecular evolution 32 predicts that, in most functional genes, dS4dN is a consequence of the fact that synonymous positions are subject to far fewer functional constraints than dNs. On the other hand, if ******************** Figure 3 Alignment of primate MBL2 deduced amino-acidic sequences. Dots indicate amino-acid identity with the human sequence (GeneBank accession number: NP_000233). The signal peptide sequence is indicated with asterisks up the sequence; the glycin-rich domain is underlined and the Lectin C-type domain is highlighted in gray.
Evolution of MBL gene in primates MV Verga Falzacappa et al dN4dS, it is assumed to be an evidence of a positive Darwinian selection acting to promote diversity at the amino-acid level. 33 MEGA 2.0 software was also used to construct the phylogenetic rooted tree based on amino-acidic sequences.
PIX application (www.hgmp.mrc.ac.uk/Registered/ Webapp/pix) was used to obtain chemical-physical characteristics of human and primate MBL2 amino-acid sequences.
GeneBank accession numbers for non-human primate species; exons I, II, III and IV, respectively 
